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Graphical abstract 
 
 
 
Highlights: 
 PEO application to β-type titanium alloys for load-bearing orthopaedic implants 
 PEO treated samples promote osteoblast attachment, spreading and apatite deposition 
 Cell interdigitation into the porous structure of the coatings was observed 
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 PEO does not impede osteoblast activity or induce an untoward inflammatory 
response 
 
 
 
ABSTRACT 
Plasma electrolytic oxidation (PEO) has been demonstrated to be an effective surface treatment 
for enhancing the osteoconduction and osseointegration of commercially pure α-Ti (CP α-Ti) 
dental implant materials for clinical application. To explore the feasibility of extending the 
application of PEO to low-modulus β-type titanium alloys for load-bearing orthopaedic 
implants, a thorough understanding of the effect of substrate material on the biological 
performance of the PEO-treated surface is required. A 10 kW 50 Hz KeroniteTM processing 
unit was used to modify the surface of low-modulus near β-Ti13Nb13Zr and β-Ti45Nb 
substrates. CP α-Ti and (α+β)-Ti6Al4V were also used in parallel as reference materials. In 
vitro culture of foetal human osteoblast (fHOb) cells on PEO-treated low-modulus near β-
Ti13Nb13Zr and β-Ti45Nb alloys revealed comparable behaviour to that seen with CP α-Ti 
and (α+β)-Ti6Al4V with respect to metabolic activity, collagen production, matrix formation 
and matrix mineralisation. No difference was observed in TNF-α and IL-10 cytokine release 
from CD14+ monocytes as markers of inflammatory response across samples. Cell 
interdigitation into the porous structure of the PEO coatings was demonstrated and cell 
processes remained adherent to the porous structure despite rigorous sonication. This study 
shows that PEO technology can be used to modify the surface of low-modulus β-type 
titanium alloys with porous structure facilitating osseointegration, without impeding osteoblast 
activity or introducing an untoward inflammatory response. 
 
Keywords: Foetal human osteoblasts (fHOb), CD14+ monocytes, Low modulus, β-type 
titanium alloys, Plasma electrolytic oxidation (PEO) 
 
 
Introduction 
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 In order to optimise the osseointegration of implanted biomaterials, an in-depth 
understanding of the physical and chemical characteristics of the bone–implant interface is 
required, since attributes such as surface topography and chemistry play an important role in 
cell attachment, spreading and proliferation as well as the initial inflammatory response[1–3]. 
The mechanisms underpinning the interactions between the implant and the surrounding cells 
are still the subject of considerable interest and debate; however, several studies have shown 
that osseointegration can be improved by modifying the surface roughness of the implanted 
biomaterial[2,4–6]. Following implantation, the surface of the implant comes into contact with 
a number of proteins and cell types, including neutrophils, monocytes, macrophages, stromal 
cells and osteoblasts, which is in turn affected by the surface physicochemical properties of the 
implant material such as roughness, wettability, and porosity. Therefore, the cell behaviour at 
the bone–implant interface is influenced by the biomaterial surface characteristics[7,8] which, 
in turn, influence the outcome of the implantation procedure [9]. 
Metals are probably still the materials most frequently used in orthopaedic surgery for 
bone interfacing applications including fracture fixation, and reconstructions of damaged tissue 
in patients with degenerative and inflammatory conditions of bone and joints. Thus, metallic 
biomaterials must exhibit specific properties such as biological compatibility, enhanced 
mechanical performance and superior corrosion resistance[10,11]. Titanium and titanium 
alloys are of particular interest due to the passive titanium oxide layer that forms readily on 
their surface when exposed to the atmosphere providing corrosion resistance and chemical 
stability[12,13]. This native oxide layer is thin (approximately 2-7 nm) and bioinert, but its 
ability to induce apatite formation is dependent on the surface properties of the oxide layer, 
rather than on the bulk titanium itself[14]. Several methods have been used to introduce a 
bioactive layer to promote long-term osseointegration[15–18]. Plasma electrolytic oxidation 
(PEO), also called anodic spark oxidation or micro-arc oxidation, has been shown over the last 
decade to be a highly effective methods to produce a bioactive surface with a rough and porous 
structure. The coating layer produced using PEO has been shown extensively to enhance the 
bioactivity and osseointegration of commercially pure α-Ti (CP α-Ti) dental implant materials, 
e.g. TiUnite® (Nobel Biocare)[19–21], BioSparkTM (Keystone Dental)[22–27], and Ticer® (ZL 
Microdent)[28,29].  
A wide variety of low-modulus β-type titanium alloys have been developed for 
potential use in load-bearing orthopaedic applications to ameliorate the effects of stress 
shielding on bone[30–33]; however, the applicability of PEO treatment to low-modulus 
titanium alloys in a long term in vitro study has not yet been investigated. Hence, we considered 
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that knowledge transfer of the PEO technique from CP α-Ti to low-modulus β-type titanium 
alloys would be a valuable assessment for orthopaedic research. The aim of this work was to 
explore the effect of PEO-treated near β- and β-type titanium alloys compared with PEO-
treated CP α-Ti and (α+β)-Ti6Al4V on foetal human osteoblasts (fHOb) and investigate the 
early inflammatory response using CD14+ monocytes. 
 
Materials and methods 
 
PEO COATING PREPARATION 
 Coatings were produced on four different titanium and titanium alloy substrates: CP 
α-Ti (Ti-TEK Ltd., Birmingham, UK), (α+β)-Ti6Al4V (Ti-TEK Ltd., Birmingham, UK), near 
β-Ti13Nb13Zr (Xi’an Saite Metal Materials Development Co., Ltd., Xi’an, Shaanxi, China), 
and β-Ti45Nb (ATI WahChang, Huntsville, USA). CP α-Ti and (α+β)-Ti6Al4V are the most 
commonly used substrate materials in dentistry and orthopaedics, respectively, and these 
served as commercial reference materials for comparison with the low-modulus near β-
Ti13Nb13Zr and β-Ti45Nb. The substrates were cut into discs (9 mm diameter and 1 mm 
thickness) using an Accutom-5 (Struers), ground using P400, P600, P800, P1200 and P2500 
grit SiC abrasive papers on a Rotopol system (Struers), and then ultrasonicated in acetone and 
deionised water (30 min each) to remove debris. To avoid surface contamination, discs were 
handled using forceps and gloved hands. PEO was conducted in a 10 kW 50 Hz AC KeroniteTM 
processing unit composed of a series of variable capacitor banks that were charged using a 
three-phase supply, and with the effective capacitance adjusted to maintain a current density of 
approximately 20 A dm-2 throughout the PEO process. A dilute aqueous sodium phosphate 
electrolyte was used (0.05 M Na3PO4·12H2O). The electrolyte temperature was maintained at 
18±2°C by recirculation through a heat exchanger, with a whistle pump continuously agitating 
and aerating the electrolyte. PEO processing time points of 2, 5 and 30 min were selected for 
biological evaluation of the coatings. Untreated (bare) substrates were also used in parallel as 
controls (tPEO: 0 min). Specimens were cleaned for 15 min in 100% ethanol and sterilised in a 
hot air oven at 230°C for 2 hours prior to cell culture experiments. 
 
 
 
BIOLOGICAL EVALUATION OF PEO COATINGS 
Cell Culture 
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 A 26-day cell culture experiment with the addition of osteogenic stimuli was performed to 
evaluate the behaviour of differentiated osteoblasts on PEO-treated titanium and titanium 
alloys, including the measurement of matrix formation and mineralisation. The fHOb (406-
05f) were obtained from Public Health England Culture Collections. The fHOb are derived 
from normal foetal bone and express markers found in human bone marrow stromal cells[34]. 
They provide a suitable model system for studying osteoblast function and differentiation in 
response to PEO-treated titanium and titanium alloys intended for use as endosseous 
implants[25,26,35,36]. The fHOb were cultured in Dulbecco’s modified Eagle medium 
(DMEM), low glucose, supplemented with 10% (v/v) foetal bovine serum (FBS), 10,000 units 
mL-1 penicillin, 10 mg mL-1 streptomycin, and 30 μg mL-1 vitamin C (growth medium). All 
reagents used for the cell culture experiments were obtained from InvitrogenTM Life 
Technologies, unless otherwise indicated. Cells were maintained under standard cell culture 
conditions, including 5% CO2, 95% humidity and 37°C. They were allowed to proliferate until 
reaching 70-80% confluency, at which point they were passaged. Cells were detached from the 
substrates using TrypLETM and centrifuged at 250 ×G to pellet the cells before resuspension in 
fresh culture medium. The fHOb were passaged five times prior to cell culture experiments. 
 Flasks containing subconfluent cultures were treated with TrypLETM to detach the 
cells, which were counted using a Cell ScepterTM (Millipore) and seeded onto each substrate in 
1 ml of medium at a density of 0.5×104 cells cm-2 in 48 well culture plates. After adding the 
cells, plates were shaken gently and centrifuged at 300 ×G for 10 min to sediment cells onto 
the discs, which were then carefully transferred to a new 48-well plate containing complete 
medium. Cells were maintained under standard cell culture conditions (5% CO2, 95% humidity 
and 37°C). At predetermined time points (1, 3, 6, 9, 13, 16, 19, 22 and 26 days) the medium 
was changed, and the removed medium stored at -80°C for further analysis. To evaluate cell 
mineralisation, osteogenic supplements were added to the medium starting from day 16 to 
induce osteoblast differentiation of the fHOb. The osteogenic medium was growth medium 
with the addition of 200 nM hydrocortisone and 2 mM β-glycerophosphate. Osteoblast function 
was evaluated by measuring metabolic activity (alamarBlue® assay) and collagen production 
(Immuno-dot Blot assay) after 1, 3, 6, 9, 13, 16, 19, 22 and 26 days and matrix mineralisation 
(OsteoImageTM and Alizarin Red S) at day 26. 
 
 
alamarBlue®Assay 
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 The cell metabolic activity of the fHOb was monitored using the alamarBlue® assay 
(AbDSerotec) at predetermined time points.  In the alamarBlue® assay, the reducing 
environment produced by the metabolic activity of the cells brings about the reduction of 
resazurin, a non-fluorescent blue dye, to the highly fluorescent red resorufin. The assay was 
carried out according to the manufacturer’s protocol. In brief, medium was removed from the 
cells and fresh medium containing 10% (v/v) alamarBlue® was added to each substrate well. 
The plate was then incubated for 180 min at 37°C, protected from light. After incubation, 100 
μL of medium from each well was transferred in triplicate to a black 96-well plate (Falcon), 
and read using a FLUOstar Optima (BMG Labtech, Offenburg, Germany) fluorescence plate 
reader at 530 nm excitation and 590 nm emission. The % reduction of alamarBlue® was 
calculated using the following equation: 
 
% reduction of alamarBlue =
𝑆𝑎𝐵
𝑥 − 𝑆𝑎𝐵
𝑐𝑜𝑛𝑡𝑟𝑜𝑙
𝑆𝑎𝐵
100% 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 − 𝑆𝑎𝐵
𝑐𝑜𝑛𝑡𝑟𝑜𝑙
 × 100 
 
where 𝑆𝑎𝐵
𝑥  is the alamarBlue® fluorescence signal of the sample at day x, 𝑆𝑎𝐵
100% 𝑟𝑒𝑑𝑢𝑐𝑒𝑑 is the 
fluorescence signal of the 100% reduced alamarBlue®, and 𝑆𝑎𝐵
𝑐𝑜𝑛𝑡𝑟𝑜𝑙 is the fluorescence signal 
of the control (cultured medium supplemented with 10% alamarBlue® solution). The 100% 
reduced form of alamarBlue® was produced by autoclaving controls at 121°C for 15 min. For 
all the experiments 6 replicates of each material were used. 
 
Inflammatory Response  
Primary human monocytes were used to test the inflammatory response. The CD14+ 
human monocytes were isolated from buffy coats (National Blood Service, Cambridge, UK) 
as reported previously[37] and seeded at a concentration of 1 × 105 cells per disc. Cytokine 
production was measured in the supernatant harvested at predetermined time points (6, 12, 24 
and 48 hours). The levels of the pro-inflammatory cytokine TNF-α and the anti-inflammatory 
cytokine IL-10 were determined using a double antibody sandwich ELISA according to the 
manufacturer’s protocol (R&D Systems). As a positive control, CD14+ human monocytes were 
treated with lipopolysaccharide (LPS) 10 µg mL-1 to evaluate the effect of a pro-inflammatory 
stimulus. Sample values were determined by comparison to a standard curve and all samples 
were assayed in triplicate. 
Immuno-dot Blot Assay 
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At predetermined time points, the medium from each well was removed and stored at -
80°C for future immuno-dot blotting. The medium was subsequently thawed, diluted 1:1 in 
phosphate buffered saline (PBS) and filtered through a transfer membrane (Immobilon-P, 
Millipore Corp., Bedford, MA) using the Bio-Dot Apparatus (Bio-Rad, UK). The membranes 
were blocked with PBS containing 0.1% Tween-20 and 5% non-fat milk powder (PBSTM) for 
1 hour and incubated overnight with the primary antibody, anti-collagen type I rabbit IgG 
(Rockland 600-4001-103-0.1), diluted 1:1,000 in PBSTM. The following morning, membranes 
were washed twice with PBSTM and incubated for 2 hours with goat anti-rabbit horseradish 
peroxidase HRP-conjugated secondary antibody (Pierce 31433) at 1:10,000 dilution in 
PBSTM. Blots were visualised using the ECL Plus blotting system (GE Healthcare, UK) as per 
the manufacturer’s instructions. Developed films were scanned using a GS-710 Calibrated 
Imaging Densitometer and analysed using Quantity One software (Bio-Rad, UK). 
 
Alizarin Red S Staining 
After 26 days of cell culture, cells were washed with PBS and fixed with 10% 
paraformaldehyde (Merck) for 15 min at room temperature. Subsequently, cells were stained 
with 1% (w/v) aqueous solution Alizarin Red S sodium salt (Alfa Aesar) for 10 min. After 
washing four times with Millipore water, the precipitate was solubilised in 10% 
cetylpyridinium chloride. The solution was then transferred to a 96-well culture plate and the 
optical density was read at 620 nm using a FLUOstar Optima microplate reader. 
 
Immunofluorescence Microscopy 
Following 18 and 72 hours of culture, cells were washed with PBS and fixed using a 
solution of 3.7% paraformaldehyde for 10 min. The fixed cells were washed again with PBS 
and permeabilised with 0.5% Triton X-100 for 10 min. Tetramethylrhodamine isothiocyanate 
conjugated phalloidin (Pha-TRITC) 0.2 μg mL-1 (Sigma, St. Louis, MO, USA) was used to 
visualise the actin cytoskeleton. Additionally, the top surface of the discs was coated with 
Fluoroshield antifade mountant containing 4’,6-diamidino-2-phenylindole (DAPI) (Vector 
Laboratories) to stain cell nuclei. For the 18-hour time point wheat germ agglutinin-
AlexaFluor488 conjugate was used at a concentration of 5 µg mL-1 to stain the cell membranes 
according to manufacturer’s instructions. Samples were examined using a Leica DMRXA2 
fluorescence microscope. 
 
Scanning Electron Microscopy (SEM) 
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After 72 hours of culture using PEO-treated and untreated (bare) substrates of titanium 
and  titanium alloys, the medium was removed, cells were washed with PBS, and fixed using 
4% glutaraldehyde in 0.1 M PIPES (piperazine-N,N’-bis(ethane sulfonic acid); 1,4-
piperazinediethanesulfonic acid) for 3 hours. The fixative was removed and samples were 
gradually dehydrated in a series of ethanol dilutions (i.e. 10, 20, 30, 50, 70, 80, 90 and 100% 
ethanol) for 10 min each. This gradual dehydration process was important to prevent the cells 
from lysing and preserve the architecture of the plasma membrane and cytoplasmic projections. 
Samples were placed in a 1:1 ethanol:hexamethyldisilazane solution for 20 min and then 
transferred to pure hexamethyldisilazane for 20 min. Finally, the hexamethyldisilazane solution 
was removed and samples were left to dry in the fume hood. Samples were examined using the 
FEI Nova NanoSEMTM 450 (Field Emission Gun). To prevent charging, samples were sputter-
coated using a Pt target under vacuum conditions. 
 
Statistics 
Statistical significance was calculated using one-way ANOVA following Levene’s test 
for equality of variance using SPSS software (Version 21; IBM, Chicago, USA). Tukey’s 
posthoc test was used to determine sample differences that were considered significant at p < 
0.05. 
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Results 
 
Osteoblast Metabolic Activity: A Prolonged Time Course with Osteogenic Stimuli 
Metabolic activity increased with time on all substrates. Figure 1(a–d) shows a time-
dependent reduction of alamarBlue® on low-modulus near β-Ti13Nb13Zr and β-Ti45Nb alloys 
together with CP α-Ti and (α+β)-Ti6Al4V control materials treated using different PEO 
processing times (tPEO: 0, 2, 5 and 30 min). A characteristic lag-log growth phase was observed 
from day 0 to day 6, after which cells reached confluency and a plateau phase was observed. 
After day 9, metabolic activity increased during a post-confluent expansion phase and 
continued to rise following the addition of osteogenic medium at day 16. No significant 
differences were observed between different substrates or PEO processing times, including 
following the addition of osteogenic medium. 
 
 
Figure 1: Metabolic activity of fHOb cultured over 26 days on PEO-treated CP α-Ti, (a), (α+β)-
Ti6Al4V, (b), near β-Ti13Nb13Zr, (c), and β-Ti45Nb, (d). Cells were cultured in standard culture 
medium for 16 days, which was subsequently replaced by osteogenic medium for the remainder of the 
time course. Data represent mean ± SD; n = 6; tPEO = 0, 2, 5 and 30 min of PEO treatment. 
 
Cytokine Release 
No significant differences were observed in TNF-α release for either untreated bare 
substrates (tPEO: 0 min) or PEO-treated substrates (tPEO: 30 min), Figure 2(a-b). A similar 
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behaviour was also observed for the IL-10 release, where there was no significant difference 
between the responses of the CD14+ monocytes cultured on the different modified Ti-based 
substrates, Figure 2(c-d). Cytokine release was strongly up-regulated by the addition of 
bacterial lipopolysaccharide (LPS) stimulating CD14+ monocytes to release significantly 
higher levels of TNF-α and IL-10 than untreated cells: 445.05 mg mL-1 at 24 hours for TNF-α 
and 355.85 mg mL-1 at 24 hours for IL-10. 
 
 
Figure 2: Release of TNF-α (a and b) and IL-10 (c and d) from CD14+ monocytes cultured for 48 
hours on untreated CP α-Ti, (α+β)-Ti6Al4V, near β-Ti13Nb13Zr, and β-Ti45Nb (a and c) or 
substrates treated with PEO for 30 minutes (b and d). Data represent mean ± SD; n = 3. 
 
Osteoblast Differentiation: Type-I Collagen Production and Matrix Formation 
Figure 3(a–d) presents the production of type I collagen for low-modulus near β-
Ti13Nb13Zr and β-Ti45Nb alloys together with the CP α-Ti and (α+β)-Ti6Al4V control 
materials at different PEO processing time points (tPEO: 0, 2, 5 and 30 min). The results showed 
that collagen production per well continued throughout the 26-day cell culture period with a 
small decrease in the rate following the addition of osteogenic medium. There was no 
significant difference in collagen production between osteoblasts cultured on different 
substrates or for differing lengths of PEO treatment. 
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Figure 3: Type-I collagen production by fHOb cultured on PEO-treated CP α-Ti, (a), (α+β)-Ti6Al4V, 
(b), near β-Ti13Nb13Zr, (c), and β-Ti45Nb, (d). Cells were cultured in standard culture medium for 
16 days, which was subsequently replaced by osteogenic medium for the remainder of the time 
course. Data represent mean ± SD; n = 6. 
 
Osteoblast Differentiation: Matrix Mineralisation 
Mineralisation, a marker of osteoblast differentiation, can be readily detected in fHOb 
cultures after 28 days following the addition of osteogenic supplements[38]. In this study, 
mineralisation was investigated following 26 days of cell culture using two complementary 
methods: staining calcium deposits with Alizarin Red S and immunofluorescence imaging of 
hydroxyapatite nodules using OsteoImageTM. Figure 4 shows the optical density of Alizarin 
Red S-stained calcium within hydroxyapatite mineral deposits. There was no significant 
difference in optical density with PEO processing time. A trend was observed for increased 
calcium deposition at higher PEO processing times across all four substrate materials; however, 
this did not reach statistical significance.  Representative images of hydroxyapatite nodules on 
PEO-treated and control surfaces stained at day 26 using OsteoImageTM are shown in 
supplementary figure S1. These demonstrate that the mineral deposited on these surfaces was 
hydroxyapatite. 
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Figure 4: Quantification of Alizarin Red S calcium staining of fHOb cultures grown on PEO-treated 
low-modulus near β-Ti13Nb13Zr and β-Ti45Nb alloys as well as CP α-Ti and (α+β)-Ti6Al4V control 
materials after 26 days. Data represent mean ± SD; n = 3. 
 
Osteoblast Distribution, Morphology and Interconnection  
The cell distribution and morphology of cultured fHOb after 72 hours on PEO-treated 
(tPEO: 2, 5 and 30 min) and untreated (bare) substrates were examined using SEM. 
Suplementary figure S2  shows representative SEM images of cells cultured on on 30 min PEO 
treated substrates. A uniform monolayer of fHOb was observed showing even spacing between 
cells with connections between neighbouring cells. The widely spread-out morphology of the 
cells, with an elongated polygonal shape, is an indication of successful attachment and 
anchoring to the surface. In particular, the presence of numerous cytoplasmic extensions 
implies favourable surface adhesion and interaction between cells on the substrate surface. The 
morphology of the cells appeared similar for all the untreated and PEO-treated substrates 
regardless of PEO processing time. 
Immunofluorescent staining was also carried out on fHOb cultured on PEO-treated and 
untreated (bare) substrates for 18 hours, Figure 5. At the 18-hour time point, individual cells 
could be visualised, as they had not yet reached confluency. The cells demonstrated an 
elongated shape with cytoplasmic projections that stretched to form long-range contact points 
with neighbouring cells. After 18 hours, there was no perceivable difference in morphology for 
fHOb, regardless of the substrate material or the PEO processing time points (tPEO: 0, 2, 5 and 
30 min). Staining with phalloidin-TRITC showed that all materials effectively supported the 
formation of an actin cytoskeleton, which enabled the cell to adhere and spread on the substrate 
surface. After 72 hours in culture the cells showed extensive proliferation and an even 
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distribution of fHOb over the substrate surface for all alloys and all PEO processing time points 
– supplementary Figure S2. The fHOb were organised into layers of cells, covering almost the 
entire substrate surface.  
 
Figure 5: Cell morphology and distribution of fHOb on untreated and PEO-treated substrates after 18 
hours in culture; Blue-nuclei, Red-cytoskeleton, and Green-cell membrane (scale bar 100 µm). 
 
PEO enables the formation of rough, porous titanium oxide coatings with a wide range 
of pore size and distribution (microscale/nanoscale), and therefore, it was hypothesised that 
cells could display improved interdigitation with the coating through cytoplasmic extension 
and penetration into the surface pores. A detailed look at the cell–coating interface using SEM 
revealed evidence of cell interconnection into the porous structure of the PEO coatings, Figure 
6. The SEM micrographs show fHObs effectively extending cell processes into the porous 
structures of PEO-treated near β-Ti13Nb13Zr and β-Ti45Nb substrates (tPEO: 30 min). 
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Discussion 
In the present study, we examined the behaviour of fHOb in a prolonged 26-day cell 
culture experiment on PEO-treated titanium and titanium alloys (tPEO: 0, 2, 5 and 30 min). The 
alloys were CP α-Ti, (α+β)-Ti6Al4V and the low-modulus materials near β-Ti13Nb13Zr and 
β-Ti45Nb. In particular, we aimed to determine whether the application of PEO technology 
could be extended to low-modulus titanium alloys without hindering the osteoblast response 
or provoking an inflammatory response. The study investigated the behaviour of human 
osteoblasts on titanium and titanium alloy substrates under osteogenic conditions that induced 
differentiation, matrix formation and matrix mineralisation as well as evaluating cytokine 
release from CD14+ monocytes. 
Microenvironment and proximity to neighbouring cells strongly influence cell 
behaviour, therefore, it was desirable to maintain a uniform cell distribution across the substrate 
surface; this was achieved using a centrifugal cell seeding method. Subsequent 
immunofluorescence and scanning electron microscopy confirmed an even distribution of 
cells. The fHOb cultured on PEO-treated titanium and titanium alloys exhibited a similar cell 
morphology to those grown on untreated (bare) substrates presenting an elongated polygonal 
shape and flattened morphology, displaying numerous cell processes spreading in all directions 
specifying a close interaction between cells and between cells and their underlying substrates. 
This represents the standard behaviour of osteoblasts on titanium alloy substrates[9,39]. The 
cell attachment after 18 hours shows that cells attached to the PEO-treated substrates develop 
an organised actin cytoskeleton. Cells on both control and PEO-treated samples have parallel 
or radially oriented actin bundles within the cell body of these cells. Additionally, there was 
evidence of cell processes extending over other neighbouring cells indicating the formation of 
cell layering. 
The characteristic spreading and morphology of fHOb observed on all four substrate 
materials and PEO processing times were supported by cell viability measurements using 
alamarBlue®. Comparable cell metabolic activity was observed for all four PEO-treated 
titanium and titanium alloys, indicating good cell viability. The increase in metabolic activity 
up to day 6 is related to the fHOb developing into a confluent monolayer, after which a plateau 
phase indicates that the metabolic activity of the cultures was stable when confluence had been 
reached. Some of the increase in metabolic activity in the post confluence expansion phase may 
have been due to multilayering of cells. The increase in metabolic activity continued after the 
addition of osteogenic medium and was followed by a second plateau phase on all substrate 
types after 22 days. This plateau may represent a slowing of cell growth as cells pile up on each 
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other on the substrate surface and nutrients are depleted in the local microenvironment. The 
PEO processing time did not influence cell metabolic activity indicating that PEO treatment 
does not have an adverse effect on osteoblast metabolic activity. Additionally, there was no 
difference between PEO-treated low-modulus near β-Ti13Nb13Zr and β-Ti45Nb alloys 
compared with PEO-treated CP α-Ti and (α+β)-Ti6Al4V control materials providing initial 
evidence supporting the development of PEO-treated low-modulus titanium alloys as implant 
materials. 
As fHOb undergo differentiation into mature osteoblasts, they secrete extracellular 
matrix proteins. The organic component of the extracellular matrix consists mainly of type I 
collagen with smaller quantities of other proteins. The production of type I collagen is a 
prerequisite for and precedes the development of mineralised bone. This results in the 
production of osteoid matrix, which enables the deposition of bone mineral[40]. Collagen type 
I has also been reported to play an important role in maintaining osteoblast phenotype and 
stimulating ALP activity[41]. For all materials and PEO processing times, continuous 
production of type-I collagen was observed during the 26-day culture period. These results 
suggested that the PEO-treated titanium and titanium alloys supported collagen production and 
matrix formation although no particular substrate material or PEO processing time was 
determined to be superior to the others. 
The addition of osteogenic medium after day 16 of the 26-day experimental time course 
permitted the evaluation of mature osteoblast features including matrix mineralisation on the 
surface of PEO-treated titanium and titanium alloys. The ability of cells to effectively interact 
with the implant surface and deposit a mineralised matrix is essential to enable subsequent 
osseointegration. Alizarin Red S measurement and OsteoimageTM staining indicated that there 
was apatite deposition on the PEO-treated surfaces, however, there was no significant 
difference with PEO processing time or between low-modulus alloys and control materials. As 
an aid to future work, we have carried out a power calculation based on the results presented 
in Figure 4 using a power (1-β) of 0.8 and a type 1 error rate (α) of 5% 
(www.powerandsamplesize.com), which indicated that a further experiment with at least 5 
replicates per group would be required to show whether there is a statistically significant 
difference between calcium deposition on β-Ti45Nb with 30 min PEO processing compared to 
untreated β-Ti45Nb and therefore a beneficial effect of PEO processing on mineral deposition. 
There are multiple factors that could be involved in promoting osteoblast 
mineralisation, such as increased PEO coating thickness, coating mass gain, coating surface 
roughness, and/or coating hydrophilic properties. Previous studies have shown that PEO can 
AC
CE
PT
ED
 M
AN
US
CR
IPT
16 
 
be used with no detrimental effect on various titanium based substrates to maintain or even 
enhance cell function [42–45].  
A key attribute of a successful endosseous—dental and orthopaedic—implant is a 
bioactive surface layer that encourages osteoinduction, osteoconduction and osseointegration 
for long-term biomechanical stability in vivo. Figure 6 illustrates SEM micrographs of cell–
coating interdigitation on PEO-treated substrates. There was notable evidence of cell 
interdigitation after rigorous cleaning and sonication of PEO-treated titanium and titanium 
alloys, and surprisingly, despite the considerable chemical and physical disruption of cells from 
the coating surface, cells and cell fragments remained firmly adhered to the coating via 
interdigitation into the porous structure. This evidence of cell–coating interdigitation may offer 
enhanced adhesion strength for osteoblasts on the substrate surface[43]. 
The tissue response at the bone–biomaterial interface following implantation involves 
cells of the mesenchymal lineage and also an inflammatory response mediated by cytokines 
secreted from leukocytes[46]. One of the cytokines released at this interface is TNF-α, which 
is an important signalling molecule involved in the response to foreign materials—its 
upregulation is considered to be a measure of inflammation[47]. An increase in TNF-α release 
from cells, which was observed on all untreated (bare) substrates, except β-Ti45Nb and CP α-
Ti, is a recognised response to titanium-based biomaterials and may be important in the initial 
stages of the healing response at the bone–implant interface[48]. For all substrates other than 
(α+β)-Ti6Al4V and near β-Ti13Nb13Zr, the release of TNF-α was greater from cells on 
substrates treated with PEO for 30 min compared to untreated (bare) substrates. This may be 
due to the greater surface roughness as previous studies have shown increased pro-
inflammatory cytokine release from cells on titanium alloys with surface roughened by sand 
blasting and acid etching[48]. Findings related to thermally oxidised or plasma sprayed 
surfaces revealed that such treatment can alter the inflammatory response by decreasing the 
TNF-α[49,50]. Our findings did not show this, but the results indicated no significant difference 
between the PEO-treated and untreated (bare) substrates. When considering an inflammatory 
process, anti-inflammatory mediators such as IL-10 will concomitantly be found counteracting 
the pro-inflammatory cytokines[51]. The release of both IL10 and TNF-α from monocytes on 
titanium and titanium alloys was considerably lower than when cells were cultured with 
bacterial LPS indicating that there was no untoward inflammatory response to the biomaterials. 
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Figure 6: Typical scanning electron micrographs illustrating cell–coating interdigitation on PEO-
treated near β-Ti13Nb13Zr and β-Ti45Nb alloys (tPEO: 30 min). 
 
The biological response to titanium and titanium alloys is influenced by the surface 
physicochemical characteristics of the underlying substrate material[52–54], and although 
many surface parameters can impact the attachment, adhesion, proliferation and growth of 
cells[43,45,55,56], in our study metabolic activity and collagen production appeared to be 
independent of surface chemistry and morphology. The use of PEO on titanium-based 
biomaterials can help not only to improve wear and corrosion resistance but also to strengthen 
cellular adhesion[57,58]. Also, in comparison to other competing surface modification 
technologies, PEO is considered to be more environmentally friendly. Previous studies have 
also shown that PEO coating composition has an influence on the cell differentiation process 
and a limited effect on the metabolic activity[59,60], and this could potentially be correlated to 
the amount of TiO2 anatase phase present within the composition[61]. However, regardless of 
the anatase phase content of the PEO-treated substrates[62], our results indicate no significant 
difference in mineralisation for PEO-treated and untreated (bare) substrates similar to previous 
studies reporting no significant difference between micro-arc oxidised surfaces and untreated 
(bare) substrates, indicating that both surfaces equally supported cell growth[45]. An in-depth 
investigation into the surface physical and chemical properties of PEO-treated titanium and 
titanium alloys is required to better understand the impact of PEO coatings on fHOb biological 
response. 
Predicting how biomaterials may behave in vivo is challenging, and thus far, there is no 
in vitro system that is able to meticulously simulate the body condition in every respect. This 
is largely due to the fact that the in vivo microenvironment is immensely more complicated 
than in vitro systems, as it involves complex interactions with other cell types, soluble proteins, 
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biomolecules, growth factors and biomechanical (load) stimuli within the cell 
micro/macroenvironment, amongst other factors[63,64]. However, if the results we have 
obtained in vitro were translated into enhanced differentiation and mineralisation in vivo, whilst 
maintaining the required cell proliferation and collagen production, then these materials should 
improve bone formation and implant fixation at the bone–biomaterial interface. 
The results obtained from near β-Ti13Nb13Zr and β-Ti45Nb indicates that PEO is 
capable of generating bioactive coatings on these alloys with surface features comparable to 
those of the PEO-treated CP α-Ti implant materials already in use in dentistry, as well as (α+β)-
Ti6Al4V. Furthermore, the fHOb response to low-modulus PEO-treated near β-Ti13Nb13Zr 
and β-Ti45Nb was comparable to CP α-Ti and (α+β)-Ti6Al4V samples, in terms of metabolic 
activity, morphology, matrix formation and matrix mineralisation. These findings suggest that 
PEO technology may be extended to novel low-modulus titanium alloys (near β-Ti13Nb13Zr 
and β-Ti45Nb) without compromising the cellular response. In the context of endosseous 
orthopaedic implants, the production of a contiguous bone–biomaterial interface using PEO 
treatment may help facilitate uniform stress transfer from the load-bearing implant using low-
modulus β-type titanium alloys to the surrounding bone tissue, minimising the effect of stress 
shielding, osteolysis and aseptic loosening in vivo. 
 
Conclusions 
PEO surface modification of low-modulus near β-Ti13Nb13Zr and β-Ti45Nb alloys 
showed comparable cellular behaviour in a long-term culture to CP α-Ti and (α+β)-Ti6Al4V 
control substrates. The study also provided evidence of apatite mineral deposition on PEO-
treated low-modulus alloys, without an undue inflammatory response. This suggests that PEO 
application can be successfully extended to modify the surface of low-modulus β-type titanium 
alloys offering lower stress shielding without impeding the osteoblast response. Cell 
interdigitation into the porous coatings was also observed, which could potentially improve 
osseointegration in vivo. This work offers valuable guidance for other researchers to pursue 
these novel PEO-treated low-modulus titanium alloys for further in vivo studies and clinical 
trials. 
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